A method (ion-implantation) that can control surface carrier density of silicon wafer in silicon fabrication industry is combined with metamaterial to demonstrate a new way to control response of metamaterial transmission operating at terahertz frequency. Ionimplantation which is the most exact and easy way to control carriers of silicon wafer is used to fabricate a stable response of transmission metamaterial. Therefore, a split-ring resonators (SRRs) metamaterial is designed and fabricated to investigate the relationship between carrier density, power of pumping light, and transmission. Meanwhile, the numerical simulation was carried out to verify the experimental results. The relationship between the simulation results and experiments results was confirmed. This method could be a potential way to make stable response of metamaterial, which could be switcher, filter, and terahertz detectors.
Introduction
During the past several years, terahertz metamaterials (MMs) operating at far-infrared frequencies from 0.1 to 10 THz have garnered considerable interest, not only due to their exotic engineer able electromagnetic response, but also because of their promise as terahertz devices [1] . Metamaterials often refer to artificial composites made of dense arrays of sub-wavelength resonators. They allow manipulation of electromagnetic waves in unique ways [2] . Recent progresses have led to tremendous results, including invisibility cloaks [3] , negative refractive index [2] , [3] , terahertz detectors [4] , imaging devices [5] , [6] , perfect absorbers [7] - [10] , switcher and filters [16] - [28] . Generally speaking, the most widely used metamaterial component is the SRRs structure, which is usually describe as effective capacitor-inductor circuits [17] - [22] . The metallic loops of the SRRs are equivalent to inductors, and the split gaps provide capacitance. Therefore, the tunable metamaterials could be realized by incorporating active substrates into the SRRs structure or other metamaterials. Since the first demonstration of the tunable metamaterials, numerous strategies to dynamically tune the response of metamaterials have been studied, such as applying bias voltage [5] , [16] , optical excitation [26] - [28] , thermal heating [22] , [23] , and MEMS actuation [20] , [25] . For instance, the metamaterial transmission response can be effectively modulated by applying thermal energy to a predefine liquid crystal plane (one kind of anisotropic material) in order to change refractive index through controlling the orientation of the liquid crystal molecule which ultimately change the transmission response of the metamaterial [3] . However, there are some shortcoming of the tunable metamaterials, namely, it is hard to control the resonance steadily and difficult to incorporate the active material into the structure. For instance, the temperature control metamaterial with liquid crystal has only to state of resonance because of the anisotropic material liquid crystal has only two state of the refractive index. For many other applications, it would be desired that the response of the metamaterials could be controlled exactly and easily.
Recently, with development of semiconductor industry, ion-implantation plays more and more important role in tunable metamaterials. Ion-plantation is an important method to control the carrier density of silicon wafer, compared to the other methods, namely, standard diffusion process, and epitaxial growth [8] , ion-implantation has great potential advantages, for example, the ion-implantation could excellently control over the doping profile, compared to the thermal diffusion. The doping profile could be control by modifying the dose or the acceleration during the implantation or by modifying the annealing or not [10] . In the recent researches, there are few discusses combining the ion-implantation with the metamaterials to make a resonance controllable metamaterial. For the further research and using of metamaterial, it is urgent that to find the effect of ion-implantation in fabrication of the metamaterial. For example, amplitude control of THz wave has been demonstrated through carrier injection or depletion in a semiconductor substrate, both of which shunt the capacitive region of the metamaterial elements. However, this simple approach, where the entire capacitive region is continuously covered with semiconductor, is insufficient to tune the resonance frequency and is only to tune the amplitude of THz wave.
To achieve frequency and amplitude tunability, due consideration must be given to the incorporation of the semiconductor into the metamaterial elements. We present THz metamaterials where precise patterning of semiconductors permits frequency and amplitude tuning of the metamaterial resonance by using pumping light. Our results represent an important initial step towards extending the spectral range over which a specific metamaterial device can operate. The relationship between conductivity in surface of silicon which can control by ion-implantation wafer and the resonance of metamaterial is discussed in this paper. The split-ring resonators (SRRs) which is the most basic form as the metamaterial are used to find the relationship between conductivity and resonance in experimental method, in addition to enabling the implementation of new modulation device concepts.
Experimental Details

Design and Fabrication
The metamaterial consists of periodically arranged SRRs (top view) is shown in Fig. 1 . The SRRs are made of 10 nm of titanium and 200 nm of gold deposited on a 1 mm-thick silicon wafer (100) substrate with the electrical resistivity 8000 ·cm. The SRRs form a square lattice with a period of a = 50. The overall size of the metamaterial structure is 5 mm × 5 mm. Fig. 1(a) shows the overall illustration of the fabricated metamaterials and the testing method. The parameters of the SRRs, as indicated in Fig. 1(b) , are L = 45 μm, w = 2 μm, g = 1, 2, 3, 4, 5, 6 μm. In addition, the ion-implantation areas (the dash line areas: w × g) are under the gaps of each unit cell.
The fabrication processes of the SRRs metamaterials shown in Fig. 2 . First, a 4 inches double polished silicon wafer was cleaned as standard RCA process and lithography to transfer alignment mark to the wafer. Then, dry etching process was applied to etch silicon wafer 20 nm for the alignment mark, which ensure that the next lithography could align to the exact place. The second lithography was used to define the ion implantation areas which were under the gaps of each unit cell. Phosphorus ion was implanted at the gaps (w μm × g μm) with injecting dose 2.5 × 10 13 /cm 2 and injecting energy 30 kev. The photoresist was used as mask for ion-implantation. Before annealing, the wafer should be clean with RCA process. Immediately following, annealing was used to treat the wafer at 950°C for 5 min. This could be referred to as damage recovery. The third lithography and lift-off processes were utilized to fabricate SRRs structures.
The process, which the implanted dopants were bombarded into the silicon wafer, could produces point defects within the lattice. To repair this damage, it is necessary to perform a post-implant thermal process. The thermal process also activates the dopant ions by establishing them on substitution sites where they are able to contribute holes to the valence band [10] .
Testing Setup
The transmission spectra through SRRs-metamaterials were measured by using a THz time-domain spectroscopy (THz-TDS) system ( Fig. 1(c) ). The THz electric field was coherently measured following normal transmission through the metamaterial sample or a bare silicon wafer substrate (with the electrical resistivity 8000 ·cm) serving as the reference. The polarization of the incident field was aligned across the gaps of the SRRs (Fig. 1(a) ). When the sample was excited by a short THz pulse, the transmission response (time-domain data) was recorded in time. By performing a Fourier transform, it could obtain the amplitude and the phase of the transmission coefficient. Dividing the sample complex spectrum by the references, we obtained the transmission and phase change through the metamaterial. Photoexcitation of gap regions of metamaterial was achieved using optical-pump THz-probe (OPTP) spectroscopy. The OPTP system provided amplified, about 30 fs, near-infrared laser pulses with a center wavelength of 808 nm and an optically exciting charge carriers across the ion-implantation areas. To ensure photoexcitation uniformity, the pump laser beam was expanded to a diameter more than 1 cm and two identical metal apertures of 3 mm diameter were placed in front of the sample and reference. The focused THz beam was approximately 3 mm in diameter at the sample. For further investigating carries density how to affect the THz transmission, there are three kinds of samples prepared. The first kind of sample is the SRRs structure on high resistivity silicon wafer without ion-implantation at gap area (sample 1). The second kind of sample is the SRRs structure on high resistivity silicon wafer with ion-implantation of the dose of 2.5 × 10 13 /cm 2 and without annealing (sample 2). The third kind of sample is the wafer have been ion-implantation of the same dose of 2.5 × 10 13 /cm 2 and with a 950°C, 5 min annealing (sample 3).
Results
To explore the carries and the size of the gap of SRRs how to affect the character of the THz metamaterials switch, the simulations of the spectral response were performed using the commercial software CST Microwave Studio TM 2016, which is a three-dimensional (3-D), full-wave solver employing the finite integration technique. In the simulation, the normally incident wave has polarized across the gaps of the metamaterial resonator. In our model, the dimensions of the SRRs were based on measurements of fabrication samples in Fig. 1 . The 200 nm gold layer was simulated as a lossy metal with conductivity σ = 4.5 × 10 5 S/m. The modeling of ion-implantation areas which is exactly under the gaps of the SRRs require more attention, therefore, the method to explore THz transmission spectra was to change the conductivity of the gap area and the size of the gap of SRRs. When there is no ion-implantation, these two gaps areas could be modeled as silicon as same as the substrate. Since the conductivity of silicon is in direct proportion to the carrier density, we assume that the σ of these two areas (length g μm, width w μm, depth 1 μm) in substrate is from 0 to 4050 S/m to simulate different doses of ion-implantation after ion-implantation and annealing. The boundary conditions was set as perfect electric conductor or perfect magnetic conductor to approximate a transverse electromagnetic plane wave propagating through the periodic SRR array of the SRR metamaterial sample or the reference substrate, as shown in Fig. 1(a) . The input and output ports were put in front of and back faces of the cubic unit cell. To minimize Fresnel reflections at the back interface of substrate, the thickness of the substrate was set 20 μm. In simulations, the adaptive mesh refinement was used to ensure an accurate numerical solution with a short simulation time. The final mesh typically contained about 50,000 tetrahedrons, and the minimum edge length was about 0.013 μm. The simulation produced the frequency-dependent complex S-parameters.
The area of ion-implantation at the gap of SRR was set as width 2 μm, depth 1 μm, and length from 1 μm to 6 μm. The simulation results (S 12 ) shown in Fig. 3 . A transmission minimum occurs near resonance when the conductivity was equal to 0 S/m. It illustrated that transmission at resonance dip is less than 10% at σ = 0 S/m, however, when conductivity increases to σ = 4.5 × 10 5 S/m transmission at resonance dip increase to 70%. Meanwhile, there was a gentle frequency shift at resonance frequency. The modulation depth changes quickly when the conductivity change from 0 to 2750 S/m, which mean that THz transmission ratio can be controlled effectively through changing the conductivity of the gap area of SRRs. The size of the gaps is another important parameter for the resonance frequency, which is illustrated in Fig. 3(a)-(f) . The resonance frequency increases with the length of gap increasing and the resonance frequency point could be modulated by changing the size of the gap. Fig. 4(a) shows the experimental terahertz transmission spectra of these three samples mentioned above (w = 2 μm, g = 6 μm), using the THz time-domain spectroscopy system to measure. In the absence of ion-implantation, namely just a silicon wafer substrate with the gold SRR structure in Fig. 1 . The sample 1 (Gold SRRs on silicon substrate without ion-implantation) has an excited LC resonance which is at 1.42 THz with the transmission amplitude of 9.6% (transmission dip) as shown in Fig. 4(a) . The transmission ratio increases from 9.7% to 15.54% at resonance dip (Fig. 4(a) and (c) ) if the power of the pumping light increases from 0 w/cm 2 to 1.67 w/cm 2 . The resonance frequency points change with the size of the gap, which is illustrated in the Fig. 4(b) for three kinds of samples. It shows that the resonance frequency points (transmission dip) increases with the size of the gap increasing and is uncorrelated with the pumping power. Those results could be seen from the Fig. 4(a) and (b) . Meanwhile, the sample 2 (Gold SRRs on silicon substrate with ion-implantation and without annealing) has the resonance dip of the transmission amplitude of ∼10% at 1.39 THz, which is slightly red shift compared to sample 1. The modulating amplitude of the sample 2 increases a little when the power of the pumping light increases (Fig. 4(a) and (c)), which is same to that of the sample 1. In comparison with sample 2, the sample 3 (Gold SRRs on silicon substrate with ion-implantation and annealing) has one more step in the fabricating process, namely the annealing step, it is obviously that the resonance of sample 3 change from 1.39 THz to 1.34 THz, meanwhile the amplitude of the transmission turn into 48% without pumping light. If the power of the pumping light increases the amplitude of the transmission also increases up to 67% (shown in Fig. 4(d) ). This results show that the ion-implantation and light pumping could modulate the amplitude of THz wave. For the sample 3, after 950°C annealing process, the phosphorus has active in the substrate and dramatically change the carrier density of the gap area, therefore, the resonance dip change obviously from 1.39 THz to 1.34 THz. The transmission ratio range from 0.48 to 0.67. Compare to the SRRs only on silicon wafer without ion-implantation, this metamaterials have less change in the resonance (Fig. 4(a) ), since the gap of each structure has not the same contribution to the resonance. The similar trend shows that the carrier density in the exact area has the ability to change the resonance. The LC resonance of the SRRs metamaterials was considered as the resonance of capacitance and inductance represented as the gaps and the arm of the SRRs under incident of the EM wave. Without pumping light, the transmission spectra of the metamaterial samples show strong resonance due to the intrinsic dielectric nature of the split gap. Silicon in the split gap behaves like dielectric material and hence can support the fundamental LC resonance mode. After ion-implantation and annealing the carrier density become huge and concentrate under the gaps, therefore, the gaps become conductive and cannot provide capacitive response. As a result the electric field around the gaps weaken obviously and the transmission peak weaken.
According to the analyses above, it is well known that the carrier density could affect the resonance of SRRs, the more does of implantation, the weaker resonance.
Conclusion
In summary, the method, which was used to control transmission of terahertz metamaterials based on ion implantation and light pumping, was presented and verified in the simulation and experiment results. It is illustrated that the carrier density at the gap of the SRR structure affect the amplitude of the transmission spectra of the THz wave. Meanwhile, the power of the pumping light is key effect on modulating depth of transmission signal. The resonance frequency point of the metamaterials changed with the size of the gap. In addition, there is a relationship between the resonance frequency point and size of the gap. The resonance frequency point increases with the size of the gap increasing. The optically active tuning of SRR THz metamaterials may open up avenues for designing active switch light devices or modulating devices.
